Objective. Intrauterine environmental factors, including maternal diet, may play an etiologic role in acute lymphoblastic leukemia (ALL), a common childhood cancer. Expanding on previous findings from phase 1 of the Northern California Childhood Leukemia Study (NCCLS), a population-based case-control study, we sought to further elucidate and replicate the relationships between maternal diet and ALL risk.
Childhood leukemia is the primary cause of cancerrelated mortality of children in the United States. 1 Of children with leukemia, 78% are diagnosed with acute lymphoblastic leukemia (ALL), the etiology of which is largely unknown. 2, 3 However, as summarized by Maia et al., 4 observations on clonal markers in leukemic cells from monozygotic twins concordant for leukemia, and evaluation of neonatal blood spots for clonotypic fusion gene sequences have provided compelling evidence that a substantial portion of childhood ALLs originate in utero, and that chromosome translocations are very early or initiating events. 4 These findings underscore the need to examine potential risk factors in the fetal environment, such as maternal diet.
In a previous report of 138 case-control pairs from phase 1 of the Northern California Childhood Leukemia Study (NCCLS), maternal consumption of the vegetable and protein sources food groups was inversely associated with offspring ALL. 5 Expanding on this research, we undertook a comprehensive analysis of 282 case-control sets from phases 1 and 2 of the NCCLS to further elucidate and replicate the relationships between maternal diet and ALL risk. Our analyses also took into account the potential confounding effect of the child's early diet, which has recently been reported to be associated with childhood acute leukemia risk. 6 We hypothesized that maternal diet is associated with offspring risk of ALL, independent of the child's early diet, and that observed relationships would be consistent across phase 1 and 2 data.
METHODS

Study population
The NCCLS is a matched case-control study, and the analysis presented in this article consisted of data collected from August 19, 1995 , to November 30, 1999 (phase 1), and from December 1, 1999 , to November 30, 2002 . We identified incident leukemia cases on the basis of International Classification of Diseases for Oncology, Third Edition criteria, 7 using a rapid case-ascertainment procedure from pediatric hospitals in the northern and central California study region. During phase 1, the study area encompassed seven pediatric hospitals in 17 counties in the greater San Francisco-Oakland Bay area. During phase 2, the study area expanded to encompass nine pediatric hospitals and 35 counties including the Central Valley of California. Comparison with the statewide California Cancer Registry for 2000 showed that the NCCLS protocol identified 95% of eligible cases among residents in the five-county San Francisco-Oakland metropolitan statistical area and 76% of eligible cases in the other 30 counties of the study area. We considered case subjects to be eligible if they were younger than 15 years of age, had no prior cancer diagnosis, lived within the study region, and had parents who spoke either English or Spanish. The University of California Committee for the Protection of Human Subjects, the California Health and Human Services Agency Committee for the Protection of Human Subjects, and the Institutional Review Boards of the participating hospitals approved the study. We obtained written informed consent from parents of all participating children.
After identifying each case, we selected control subjects from birth certificates through the California Office of Vital Records, and matched the control subjects 1:1 (phase 1) or 1:2 (phase 2) to the case subjects on date of birth, sex, Hispanic status (if either parent was Hispanic, then we considered the child Hispanic), maternal race/ethnicity, and maternal county of residence at birth (phase 1 only; matching on maternal county of residence at birth was not continued in phase 2 because of concerns regarding overmatching on potential environmental exposures related to leukemia risk). For the 7% of case children not born in California, we selected controls from the case child's county of residence at diagnosis. Out-ofstate case children were comparable to case children born in California on age, sex, Hispanic status, and maternal race. For each case subject, we identified four or more potential control subjects from the California birth registry and then randomized the control subjects for selection. If the first-choice control subject could not be located, was ineligible, or refused to participate, we then contacted the next randomly ordered control subject until an eligible control subject agreed to participate. 8 As of December 1, 2002, we had obtained data from 866 individuals, including 283 leukemia case-control pairs matched 1:1 and 100 case-control triplets matched 1:2. The overall participation rate was 86% for cases (83% in phase 1 and 89% in phase 2) and 56% for controls (49% in phase 1 and 64% in phase 2). The reasons for nonparticipation among control subjects included refusal (26%) and unable to contact (18%). We excluded a total of 190 participants for the following reasons: leukemia diagnosis was not ALL (n5127), there were no dietary data (n54), a case or control respondent was not the biological mother (n514), and a case and/or control food frequency questionnaire (FFQ) contained questionable data (i.e., more than 10 foods were skipped, the mother consumed fewer than two or more than 17 solid foods per day, or the energy estimate was greater than 4,500 kilocalories, n545). Therefore, the final analytic sample included 282 matched case-control sets of children comprising 205 case-control pairs and 77 case-control triplets.
Data collection
We obtained maternal dietary intake by interview, using a modified version of the Block FFQ. [9] [10] [11] The time frame covered was the 12 months before the index pregnancy. We chose this period rather than diet during pregnancy because it represents the probable state of nutritional adequacy at the time of conception and during early pregnancy. The FFQ contained 76 food items and questions on vitamin supplement usage. Food items were selected by identifying the top population contributors of each nutrient among white, African American, and Hispanic populations in the Third National Health and Nutrition Examination Survey (NHANES III) and the Hispanic Health and Nutrition Examination Survey (HHANES). 12-14 Frequency of consumption was reported in nine categories, ranging from "never or less than once per month" to "greater than twice per day." We obtained portion size for each food using three-dimensional abstract models. We selected 76 food items to be representative of a wide range of dietary factors including total calories, macronutrients, fiber, vitamins, minerals, and other dietary factors such as carotenoids and phytoestrogens. In addition, we included cured meats and other foods to address prior hypotheses. The vitamin supplement questions asked about two types of multiple vitamins and nine single vitamins, and obtained information on frequency and duration of vitamin use, as well as usual daily dose for vitamins C and E.
We developed a Spanish version of the FFQ to include culturally appropriate translations of the English version and additional foods important in the diets of the Latina population. To identify these foods, we again examined NHANES III and HHANES, 12-14 and also used information from focus groups of Latinas in the San Francisco Bay area. This process resulted in the addition of seven foods (evaporated/condensed milk, green peppers/chile rellenos, avocados/guacamole, chili peppers, mole/sofrito sauces, corn tortillas, and flour tortillas). These items were added only to the Spanish version of the FFQ. Bilingual interviewers administered the questionnaire.
We used the BlockSys program 11 to calculate dietary nutrients from food by multiplying frequency of consumption of each food by its nutrient content and reported portion size, and then summing over all foods. We estimated nutrients obtained from vitamin supplements by multiplying the frequency of consumption of each type (multiple vitamins and specific single vitamins) times the amount of the nutrient in typical compositions of each type. For vitamins E and C, we obtained the usual daily dose from subjects who took those vitamins. We calculated total nutrient intake as the sum of nutrients from foods and supplements, unless otherwise noted. We calculated frequency of consumption of food groups-vegetables, fruits, dairy foods, beans, protein sources, grains, alcoholic beverages, and a group consisting of fats, oils, sweets, and snacks-by summing the reported frequency for all foods in a food group. Food groups corresponded to the food groups found in the U.S. Department of Agriculture Food Guide Pyramid, 15 and their component foods are listed in the Figure. Macro-and micronutrient estimates from Block questionnaires have been subjected to numerous validation studies and found to produce good point estimates and rankings in relation to a variety of reference data. [16] [17] [18] Bunin et al. conducted a validation of retrospective assessment of diet before and during pregnancy, and found correlations of the Willett FFQ with reference data to be similar to those obtained for current diet. 19 We obtained dietary data on each child from the biological mother or primary caregiver using a selfadministered questionnaire completed prior to the in-home interview in phase 1 and after the in-home interview in phase 2. 6 The biological mother provided the information in 95% of cases. The wording of the dietary questions did not differ between the two phases of the study. The questionnaire asked about the child's weaning history and the frequency of consumption of nine foods/food groups (hot dogs/lunch meats, beef/ hamburger, vegetables, oranges/bananas, apples/ grapes, orange juice, other fruit juice, milk, and soda) and vitamin supplements during the child's first and second years of life. Frequency of consumption was reported in six categories, ranging from "rarely or never" to "three or more times a day." In addition, we assessed whether the child consumed vitamins during the first two years of life. To summarize food consumption during the first two years of life, we created new categories of "rare/no consumption," "occasional consumption," and "regular consumption" based on the original categories.
Statistical analysis
We used the Pearson chi-square test to compare selected characteristics of cases and controls. To assess the association between maternal diet and childhood ALL risk, we constructed conditional logistic regression models. We considered odds ratios (ORs) representing dietary consumption on a continuous scale to be statistically significant if the 95% confidence interval (CI) excluded 1.00. Before running the statistical models, we used log transformation for variables as needed to improve normality and reduce skewness. Potential confounding variables considered a priori were birthweight of the index child, whether the child was breastfed (yes or no), maternal age, maternal education (#high school graduate, some college, or college graduate), and smoking during pregnancy (yes or no). However, we observed no evidence of confounding for these covariates, as the change in OR when adding each of these variables to the main model was not considered substantial (greater than 10%). We included total energy consumption, the proportion of foods consumed as large or extra-large portion size, household income, and maternal exposure to indoor insecticides during pregnancy 20 in the final model because these variables explained a significant proportion of the variability in the outcome and, therefore, allowed for a more sensitive test of the relationship between maternal diet and ALL. We also examined the relationship between maternal diet and ALL risk while controlling for the child's diet early in life (intake of hot dogs/lunch meats, beef/hamburger, vegetables, oranges/bananas, apples/grapes, orange juice, other fruit juice, milk, soda, and vitamin supplements; intake was coded as "rarely/none," "occasional," or "regular").
RESULTS
The mean age at ALL diagnosis was 5.2 years, 58% of case children were aged 2 to 5 years at time of diagnosis, and 53% were male (Table 1 ). Case and control children were similar with respect to birthweight, breastfeeding, and maternal smoking. In terms of race, the study sample was 87% white, 3% African American, and 10% other. Ethnically, approximately 38% of mothers described themselves as Hispanic. Compared with matched control subjects, case children were born to younger mothers (p50.06) with fewer years of education (p50.13), and came from families with lower household incomes (p,0.001).
The relationships between maternal consumption of food groups (times/day) and offspring ALL risk for combined phase 1 and 2 data are shown in Table 2 . We noted inverse relationships between maternal consumption and childhood ALL risk for the vegetable (adjusted OR [AOR] 5 0.65, 95% CI 0.50, 0.84), fruit and vegetable (AOR50.64, 95% CI 0.48, 0.85), legume (AOR50.75, 95% CI 0.59, 0.95), and protein sources food groups (AOR50.55, 95% CI 0.32, 0.96). Fruit consumption was also inversely associated with ALL, but was borderline statistically significant (AOR50.81, 95% CI 0.65, 1.00). We did not find consumption of cured meats, grains, and dairy products to be significantly related to disease risk. When we included maternal consumption of the vegetable and protein sources food groups together in the model, consumption of both vegetables (AOR50.65, 95% CI 0.50, 0.84) and protein sources (AOR50.57, 95% CI 0.32, 0.99) remained associated with a statistically significant decreased risk of ALL.
We also examined the relationship between maternal intake of either the vegetable or protein sources food group and offspring ALL risk while controlling for each of the childhood diet variables individually. In all models, maternal vegetable intake remained statistically significant (p,0.05), whereas maternal consumption of protein sources remained statistically significant when controlling for children's intake of beef/hamburger, hot dogs/lunch meats, oranges/ bananas, apples/grapes, soda, orange juice, and vitamins, and was borderline statistically significant (0.05.p,0.09) when controlling for children's intake of vegetables, fruit juice, and milk. In no case did the childhood diet variables reach significance, although several approached significance (p,0.10 for intake of vegetables, oranges/bananas, and orange juice) (data not shown).
Additionally, we examined the maternal consumption of individual foods and found that six foods were inversely related to offspring risk of ALL: carrots, cantaloupe, oranges, green beans, other beans, and beef (Table 3 ). Regular use of any dietary supplement was not associated with disease risk (AOR51.10, 95% CI 0.76, 1.60) (data not shown).
Among the macronutrients (Table 4 ) and micronutrients (Table 5) , maternal consumption was inversely associated with offspring ALL for fiber from fruits and vegetables (AOR50.52, 95% CI 0.31, 0.88), provitamin A carotenoids (AOR50.77, 95% CI 0.60, 0.98), alpha-carotene (AOR50.78, 95% CI 0.65, 0.93), total glutathione (AOR50.48, 95% CI 0.25, 0.90), and reduced glutathione (AOR50.49, 95% CI 0.27, 0.90). We found borderline significant inverse associations for maternal consumption of beta-carotene (AOR50.79, 95% CI 0.62, 1.01) and lutein (AOR50.82, 95% CI 0.66, 1.01).
The direction of the relationships between offspring ALL and maternal consumption of food groups did not change when we examined only case-control sets for case children aged 2 to 5 years at diagnosis (the peak incidence of childhood ALL) and when we restricted the analysis to 81 income-concordant case-control sets, although the magnitude of the relationships was attenuated somewhat and CIs were wider (data not shown).
The data collected during phases 1 and 2 of the NCCLS represented replications of the study with independent samples and virtually identical methods. Maternal intake of the vegetable and protein sources food groups, and the dietary factors calcium, vitamin A, provitamin A carotenoids, alpha-carotene, total glu-tathione, and reduced glutathione were significantly related to offspring disease risk in phase 1 and/or phase 2 ( Table 6 ). Of these variables, only consumption of the vegetable food group was statistically significant in both phase 1 and 2 data.
DISCUSSION
In the combined phase 1 and 2 data from the NCCLS, the largest case-control study to date on maternal diet and childhood ALL, we found that intake of the vegetable, fruit, legume, and protein sources food groups in the 12 months before the index pregnancy (and by inference during early pregnancy) was inversely associated with offspring disease risk when adjusted for household income, maternal total energy intake, proportion of foods reported as large or extra-large portion size, and maternal exposure to indoor insecticides during pregnancy. The inverse relationships were strongest for intake of the protein sources and vegetable food groups, suggesting that two distinct maternal dietary patterns are independently and inversely associated with offspring ALL risk. Maternal vegetable and protein sources intake remained significant and borderline statistically significant, respectively, after further adjustment for the child's diet early in life. In no case did early childhood intake of foods/food groups or vitamin supplements reach significance, although intake of vegetables, oranges/bananas, and orange juice approached statistical significance. Thus, childhood diet may contribute to a reduced risk of ALL as previously reported, 6 but the stronger effect appears to be due to maternal diet.
When examining the diet-disease relationship in the combined data at the level of individual foods, maternal consumption of foods in the fruit and vegetable food groups (i.e., carrots, cantaloupe, and oranges) and the protein sources food group (i.e., green beans, beans, and beef) was inversely associated with offspring ALL risk. At the nutrient level, consumption of provitamin A carotenoids (found in fruits and vegetables) and reduced glutathione (found in protein-containing foods) was inversely related to ALL risk. The study findings may have etiologic relevance in light of evidence that the initiating genetic event in the development of leukemia frequently occurs in utero. 4 Fetal exposure to bioactive compounds in vegetables, fruit, and protein foods such as vitamins and minerals, fiber, peptides and amino acids, and other factors may contribute to the ability of these foods to reduce cancer risk. [21] [22] [23] [24] [25] [26] [27] Using virtually identical data collection methods and independent samples from phases 1 and 2 of the NCCLS to examine the reproducibility of our findings, we found that maternal intake of the vegetables food group and its related component, provitamin A carotenoids, was statistically or borderline-statistically associated with decreased offspring ALL risk in both phases of the study. Thus, the inverse diet-disease relationship appears to be strongest for maternal consumption of the vegetable food group.
Our results are generally in agreement with those of a recently published case-control study of maternal diet and offspring ALL in Greece involving 131 casecontrol sets. 28 In this study, investigators reported that maternal consumption of the vegetable and fruit food groups was inversely associated with risk of childhood ALL, which is generally consistent with our findings from combined phase 1 and 2 data. While consumption of fish and seafood as a food group was also reportedly associated with reduced risk of disease, consumption of meats and meat products was related to a moderate increase in disease risk, 28 in contrast to our findings. We observed no evidence of increased offspring ALL risk associated with maternal consumption of cured meats as a food group or individual cured meats, which is consistent with previous reports. 29, 30 We also found no evidence of significant risk reduction associated with maternal prepregnancy use of dietary supplements. This is in contrast to previous reports where vitamins A and D from cod liver oil 31 and maternal use of folic acid supplements with or without iron 32 have been reported to be associated with reduced risk of childhood ALL.
Strengths of our study included the use of population-based birth certificate controls that have been shown to be representative of the source population. 8 Matching on race and Hispanic ethnicity reduced some of the biases that can be a problem in other recruitment designs. We obtained the maternal dietary data using a previously validated FFQ, and we designed the extensive food list to assess a wide range of food groups, foods, and nutrients, thus enabling us to control for total energy intake. The child's diet questionnaire, although not validated, was composed of foods that covered a broad spectrum of a typical young child's diet such that we were able to examine its impact on the potential association between maternal diet and In addition, we obtained nondietary data, which allowed us to evaluate and control for other potential confounding variables. We were able to observe the relationships between maternal diet and offspring ALL risk for all cases, as well as in the subgroup of cases where children were aged 2 to 5 years at diagnosis, thereby increasing our confidence that the findings are generalizable to the majority of childhood ALL cases. Furthermore, the consistent findings of an inverse association between maternal vegetable consumption and childhood ALL risk with independent samples from phases 1 and 2 of the NCCLS support the validity of the findings, although robust replication would involve different investigators and methods, and a different population.
Limitations
Several limitations of these data should be considered. Our data collection focused on maternal diet in the 12 months before the index pregnancy and, therefore, may have the greatest implications for maternal nutritional status immediately before and during early pregnancy. Recall bias is a concern in case-control studies, and although no widely known hypotheses exist about the possible role of maternal dietary factors in childhood leukemia that might lead to recall bias, general hypotheses about a "healthy" diet could have led case mothers to underreport their intake of perceived healthy foods such as vegetables and fruits. However, it is difficult to imagine that this would hold true for reported consumption of protein sources. Measurement error is a problem in research requiring self-reports; however, data collection methods did not differ between cases and controls in this study. Thus, misclassification from measurement error would be expected to be nondifferential and would likely, although not always, bias the results toward the null.
The participation rate of controls was modest, and controls tended to have higher incomes and more education than cases; as a result, selection bias must be considered as a factor in interpreting our results. A selection that favored controls with higher income and education might produce an inverse association between disease risk and vegetable consumption, as higher socioeconomic status is associated with higher consumption of fruits and vegetables. 33, 34 However, it would be unlikely to result in an inverse association with consumption of protein sources (meats and legumes), which are less frequently consumed among more affluent or well-educated groups. 35 In addition, such a selection bias should also have produced an apparently protective effect of dietary supplements, as the more affluent and well educated do take more vitamin supplements. 36, 37 However, we did not find an inverse association with dietary supplement use. Also, to account for differences in socioeconomic status, we controlled for household income, matched on Hispanic ethnicity, and repeated the analysis in income-concordant pairs, with no material change in our findings. Finally, dietary factors are often correlated with one another. Thus, caution is warranted in directly attributing risk or benefit to any particular food or nutrient.
CONCLUSIONS
Maternal intake of the vegetable, fruit, legume, and protein sources food groups was found to be inversely associated with offspring ALL risk. The associations were strongest for consumption of protein sources and vegetable food groups, and their relationships with disease risk were independent of one another and the child's diet early in life. Although causality cannot be inferred from this study, the data suggest that it may be prudent for women to consume a diet rich in vegetables and adequate in protein prior to and during pregnancy as a possible means of reducing the risk of ALL in their offspring.
